Patch damp techniques have been used to identify and characterize the whole-cell currents carried by inward K + channels in isolated matured pollen protoplasts of Brassica chinensis var. chinensis. The whole-cell inward currents in the isolated pollen protoplasts were activated at hyperpolarized membrane potentials more negative than -100 mV. The magnitudes of the whole-cell inward currents were strongly dependent on the external K + concentration, and were highly selective for K + over other monovalent cations. The inward currents were not observed when external K + was replaced with the same concentration of Cs + or Na + . The addition of 1 mM or 10 mM Ba 2+ in external solutions resulted in 30% or 80% inhibition of the inward currents at -180 mV, respectively. These results demonstrated that the inward K + currents mainly account for the recorded whole-cell inward currents in Brassica pollen protoplasts. Increase of cytoplasmic Ca 2+ concentrations from 10 nM to 30 /xM or even 5 mM did not affect the inward K + currents. Decrease of external Ca 2+ concentrations from 10 mM to 1 mM inhibited the inward K + currents by 25%, while the increase of external Ca 2+ from 10 mM to 50 mM almost completely blocked the inward K + currents. Physiological importance of K + transport into pollen and its possible regulatory mechanisms are also discussed.
Pollen grains of flowering plants carry the genetic information of the male gametophytes. After arrival on a stigma, a pollen grain germinates and develops a pollen tube that continuously grows towards the ovule, and eventually transfers the sperm cells into the embryo sac where double fertilization occurs. Therefore, pollen germination and pollen tube growth are essential processes that ensure reproduction of flowering plants. Regulatory mechanisms Abbreviations: BSA, bovine serum albumin; V ra , membrane potential; E rev , reversal potential; E K , theoretical equilibrium potential for K + ; E Ca , theoretical equilibrium potential for Ca 2+ ; Ed, theoretical equilibrium potential for Cl". 3 Corresponding author: Wei-Hua Wu, Fax, Email, wuwh@public3 .bta.net.cn of pollen germination and pollen tube growth have been extensively studied in the past several decades (for references see Heslop-Harrison 1987 , Mascarenhas 1993 , Taylor and Hepler 1997 . It is well-known that pollen germination and tube growth are significantly regulated by transport of inorganic ions, such as Ca 2+ and K + , across the plasma membranes of pollen and/or pollen tube (Feijo et al. 1995, Taylor and . The role of Ca 2+ in pollen germination or tube growth has been a major focus in this research field. In particular, a Ca 2+ gradient and its fluctuation at the tip of the pollen tube has been demonstrated as a required "signal" for tube growth (Pierson et al. 1994 , Holdaway-Clarke et al. 1997 , Messerli and Robinson 1997 .
Although it has been known that K + is required for both pollen germination and tube growth (Brewbaker and Kwack 1963 , Weisenseel and Jaffe 1976 , Feij6 et al. 1995 , molecular mechanisms of K + transport into the intracellular space of a pollen grain or pollen tube have not been well-studied and regulation of K + transport across the pollen plasma membrane remains unclear. Weisenseel and Jaffe (1976) have applied vibrating electrode to measure an inwardly-directed current across the plasma membrane of a pollen grain, and demonstrated that the inward currents were primarily carried by K + . Their results suggest that K + -mediated inward currents play roles in pollen germination and tube growth. Using conventional voltage-clamp techniques, Obermeyer and Blatt (1995) observed both an outward K + current and an inward K + current across the plasma membrane of non-germinating Lilium pollen grains. Their results demonstrate the presence of both outward and inward K + fluxes across the plasma membrane of a non-germinating or quiescent pollen grain. They proposed that an inward K + current in a non-germinating pollen grain may play a role in initiating osmotic water influx required for pollen germination. These previous studies suggest that the inward K + channels may be essential components involved in the processes of pollen germination and tube growth. In the meanwhile these studies also raise an important question regarding how the inward K + channels in the plasma membrane of a pollen grain are regulated so that a K + influx is associated with pollen germination and tube growth.
In present study, we have applied patch-clamp wholecell recording techniques to identify and characterize the K + -channels in pollen plasma membranes inward K + channels in the plasma membranes of Brassica pollen grains. In addition, we also studied possible regulation of the inward K + channels by Ca 2+ which is a wellknown factor involved in regulation of pollen germination and tube growth. Physiological importance of K + ions in pollen germination and tube growth is also discussed.
Materials and Methods
Isolation of pollen protoplasts-Brassica chinensis var. chinensis plants were grown from seeds in an experimental field located in the campus of China Agricultural University (Beijing) in the early spring time. The average temperatures were 20±3°C and 15±4 C C for daylight and night-time, respectively. The plants were watered once a week. The matured pollen grains were collected from ten flowers of Brassica plants right before the isolation of pollen protoplasts. Pollen protoplasts were prepared as described previously (Li et al. 1992 ) with slight modifications. The pollen grains were first washed in the standard solution containing 1 mM KNO 3 , 0.2 mM KH 2 PO 4 , 1 mM MgSO 4 , 1 fiM KI, 0.1 /iM CuSO 4 , 10 mM CaCl 2 , 5 mM MES (pH 5.8 adjusted with Tris), and sorbitol (osmolality=1.5 mol kg" 1 ) before the enzymatic digestion. After filteration through a nylon mesh (*=80//m) and centrifugation at 200 xg for 2min, pollen grains were incubated in 2 ml of enzyme solution containing 0.5% (w/v) cellulase R-10, 0.07% (w/v) pectolyase Y-23, and 0.2% (w/v) bovine serum albumin (BSA) dissolved in the standard solution at 28°C for 1 h. The pollen protoplasts were then washed carefully for 3 to 4 times with a "washing solution" containing 1 mM KNO 3 , 0.2 mM KH 2 PO 4 , 1 mM MgSO 4 , 1 /iM KI, 0.1 fxM CuSO 4 , 10 mM CaCl 2 , 5 mM MES (pH5.8 with Tris), 500 mM glucose, and sorbitol (osmolality=1.5 mol kg"'). The suspension was centrifuged at 150xg for 5 min to collect the pollen protoplasts. The washing/ centrifugation cycle was conducted 3 to 4 times to completely remove BSA, enzymes, and undigested pollen wall debris. The pollen protoplasts were then stored in the washing solution and kept on ice.
Whole-cell patch clamping procedure-Standard whole-cell recording techniques (Hamill et al. 1981) were applied in this study. Pollen protoplasts were placed in a bath solution containing 10 mM CaCl 2 , 1 mM MgCl 2 , 20 mM KC1 (except as otherwise indicated), 5 mM MES (pH 5.8 with Tris except as otherwise indicated) and osmolality at 1.5 mol kg" 1 adjusted with sorbitol. Glass pipettes were pulled from Kimax-51 glass capillaries (Kimble Products, NJ, U.S.A.) and heat-polished before use, and had resistances around 20 MQ when filled with the pipette solution containing 5 mM EGTA, 100 mM Glu-K, 1 mM MgCl 2> 5 mM HEPES (pH7.2 with Tris) and osmolality at 1.5 mol kg" 1 adjusted with sorbitol. Whole-cell clamping was performed at room temperature (20±2°C) in dim light. High seal resistance (1 to 3 GQ) between the pipette tip and the plasma membrane of a pollen protoplast was formed by proper suction via the microelectrode and usually appeared within 1 to 3 min. The whole-cell configurations was established by applying an increased suction to the pipette interior. Cell capacitance was measured for each cell using the capacity compensation device of the amplifier. All data were acquired 5 min after the formation of the whole-cell configuration.
Whole cell currents were measured using an Axopatch-200A amplifier (Axon Instruments, Foster City, CA, U.S.A.) which was connected to a microcomputer via an interface (TL-1 DMA Interface, Axon Instruments, CA, U.S.A.). pCLAMP (Version 6.0.2, Axon Instruments) software was used to acquire and analyze the whole-cell currents. After the whole cell configuration was obtained, membrane potential (V m ) was clamped to -58 mV (holding potential). Voltage pulse protocols as shown in Figure  1A were generated using pCLAMP software and applied to the clamped cell during data acquisition. All membrane potentials reported in this paper have been corrected for liquid junction potentials. Whole cell currents were filtered at 1 kHz by a 4-pole Bessel filter before storage (1 ms per sample) on a computer disk.
Data analysis of the whole-cell recordings-Leak currents of each whole-cell recording were subtracted before generating whole-cell current-voltage relations. Leak currents for each cell were determined from the first 1 to 3 data points obtained after V m was stepped from the holding voltage to the test voltages. The mean values of time-activated whole-cell currents were determined as the average of samples obtained between 3.4 and 3.9 s (500 samples total) after imposition of the test voltage (when current amplitude had reached its plateau). After subtraction of leak currents, the final whole-cell current was expressed as the current per unit capacitance (pA/pF) to account for variations in cell surface area. All data were given as mean±SE. SigmaPlot software was used to draw I-V plots and test (t-test) the significance of differences between the control and the treatments.
Chemicals-All chemicals were obtained from Sigma (St. Louis, MO, U.S.A.).
Results
Gigaseal formation of whole-cell recordings with Brassica pollen protoplasts-Although Lilium pollen protoplasts had been used for patch-clamp single-channel recording (Obermeyer and Kolb 1993) and for conventional electrophysiological study (Weisenseel et al. 1975 , Weisenseel and Jaffe 1976 , Obermeyer and Blatt 1995 , there has been no report using patch clamp whole-cell recording with K + -channels in pollen plasma membranes 861 pollen protoplasts so far. Therefore, it is worth-while to discuss the technical aspects for gigaseal and whole-cell configuration formation with pollen protoplasts. Although Lilium pollen has been the most-often used material for physiological and biochemical studies in pollen germination and pollen tube growth, their protoplasts are too large to be used for conducting patch clamp whole-cell recording. We have tried to patch tobacco (Nicotiana tabacum) pollen protoplasts in the whole-cell configuration, but we found that both isolation of protoplasts with ungerminated pollen grains and formation of gigaseal and whole-cell configuration in patch clamp experiments were technically difficult. However, we have found that it is technically easy to isolate and patch (to form high seal resistance and whole-cell configuration) Brassica pollen protoplasts under the experimental conditions described here. The diameters of isolated Brassica pollen protoplasts are approximate 30 fim, which is suitable for patch clamp whole-cell recording. Recently, we have successfully conducted patch clamp whole-cell recordings with Arabidopsis pollen protoplasts (0~2O//m) using similar experimental protocols as described here (unpublished). Our results suggest that it is practical to conduct patch clamp whole-cell recording with pollen protoplasts from at least some plant species. Given the presence of cytoplasmic factors in a whole-cell recording, such recording may give us more comprehensive information when compared with single-channel recording results. Fig. 1A shows a typical whole-cell patch clamp recording of a Brassica pollen protoplast. The holding potential was clamped at -58 mV. As shown in Fig. 1A , the test potentials (V m ) ranged from -180 mV to +40 mV with increments of +20 mV. The time-activated and voltage-dependent inward or outward currents were observed when calmping voltages were more negative than -lOOmV or more positive than 0 mV, respectively.
Whole-cell recording and tail-current analysis-
To determine the ions that are responsible for the observed currents across the plasma membrane of a pollen protoplast, tail-current analysis was carried out. The tailcurrent recordings were conducted following the voltage protocols shown in Fig. IB . The membrane potential was first clamped to -180mV to activate the inward current for 2.4 s, and was subsequently stepped to a more positive voltage. The membrane potential that resulted in zero tail-current as shown in Fig, 1C was determined as the reversal potential (E rev ) of the observed currents. As shown in Fig. 1C , the determined E m was near -20 mV when the internal (cytoplasm or pipette solution) and external (bath solution) K + concentrations were 100 mM and 20 mM, respectively. The theoretical equilibrium potential for K + (E K , calculated by the Nernst Equation) under these conditions is -39 mV, while the theoretical equilibrium potential for Ca 2+ (E Ca ) or Cl" (E C i) was approximate +330 mV or -79 mV, respectively. Therefore, the E rev of the observed currents across the plasma membranes of pollen protoplast as shown in Fig. 1 was closest to the E K .
Furthermore, the E rev for the inward whole-cell currents at various external KCl concentrations were measured and compared to the E K and E C1 under these conditions. As shown in Table 1 , the measured E rev shifted to more positive potentials with the increase of external KCl concentrations, which was similar to the changes of E K under these conditions. The Eq was shifted to more negative potentials along with the increase of external KCl concentrations, which was opposite to the changes of the measured E rev . Therefore, K + currents mainly account for the observed inward currents.
For all cells assayed at different external KCl concentrations, however, E rev was always more positive than EKThis suggests that K + channel responsible for the observed inward current, in addition to permeable to K + ions, is also permeable to other ion(s), most likely Ca 2+ ions (Romano et al. 1998) . To test whether the inward K + -channel in Brassica pollen protoplasts is permeable to Ca 2+ , the tail current experiments at different external Ca 2+ concentrations were conducted. At the same external K + concentration (20 mM), the change of external Ca 2+ concentration from 1 mM to 10 mM resulted in a 4.4 mV positive shift (4.4±0.35 mV, n=12, P=0.06 by t-test) in E rev , while the change of external Ca 2+ concentration from 1 mM to 50 mM resulted in a 6.2 mV positive shift (6.2±0.27 mV, Dependence of the inward currents on external K + concentrations-To further confirm if the inward currents were mainly carried by the influx of K + , the dependence of the inward currents on external K + concentrations were investigated. As shown in Fig. 2 , the magnitudes of the inward currents (downward direction) were strongly dependent on the external K + concentration. There was no inward current observed in the absence of K + in bathing solutions ( Fig. 2A) , and the inward currents increased along with the increase of external K + concentrations ( Fig. 2A to F) . The current/voltage relations at various K + concentrations are summarized in Fig. 3A which clearly shows the strong dependence of the inward currents on external K + concentrations. These results were further confirmed from whole-cell recordings with the same pollen protoplast at different K + concentrations (data not shown).
The affinity of the inward channels to K + was derived by plotting the normalized inward currents (pA/pF) at -180 mV vs. the external K + concentrations (Fig. 3B ). This plot fitted well to a Michaelis-Menten kinetics equation. Based on the Eadie-Hofstee plot (Fig. 3C) , the Michaelis-Menten constant (K m ) for K + uptake through the inward channels was about 16 mM, which is within the K m range of the low-affinity K + uptake systems in higher plant cells (Maathuis et al. 1997 , Kim et al. 1998 . also permeable to other monovalent cations was determined by replacing K + with other monovalent cations in the external solution. The results presented in Fig. 4 clearly show that the inward K + channels in the plasma membranes of Brassica pollen protoplasts were highly selective for K + over other monovalent cations, and the inward K + channels in Brassica pollen protoplasts were almost completely impermeable to Na + , Cs + and NH^.
Conductivity of the inward K + channels to various monovalent cations-Wether
Are observed outward currents carried by different channels?-Although the focus of this study has been the inward K + currents, the whole-cell recordings presented in Fig. 1 (also see Fig. 2, 4 ) also show apparent outward currents within the positive voltage range. The dependence of the outward currents on external K + concentration as shown in Fig. 2 and Fig. 3A indicates that the recorded outward channels are permeable to K + ions. The result of tail current analysis with the outward currents showed that E rev of the outward current was approximate +10mV, which is far different from the E rev (-17 The replicates for each treatment in E were 10 (10 mM K + ), 7 (10 mM Cs + ), 5 (10-mM Na + ), and 5 (10 mM NH 4 + ). Each data point in E was expressed as mean±SE. The replicates for each treatment were 9 (control), 9 (1 mM Ba 2+ ), and 6 (10 mM Ba 2+ ). Each data point was expressed as mean±SE.
the kinetics of channel activation are obviously different between the inward and outward currents: the inward currents at more negative than -140 mV reached a steadystate amplitude after approximate 1.7 s (1.7±O.13s, n = 16, -180 mV), while the outward currents at +40 mV reached a steady-state amplitude after approximate 2.6 s (2.6±0.16, n=16). All these suggest that the observed outward currents are carried by different channels (FairleyGrenot and Assmann 1992b). in pollen tube have been demonstrated to significantly regulate pollen tube growth (Pierson et al. 1996 , Holdaway-Clarke et al. 1997 , Messerli and Robinson 1997 , and pollen tube growth may require K + influx across the plasma membranes (Weisenseel and Jaffe 1976) . However, whether cytoplasmic Ca 2+ plays role in regulating inward K + channels in the plasma membranes of pollen or pollen tubes remains unknown. Interestingly, the changes in cytoplasmic free Ca 2+ concentration from 10 nM to 30/uM or even 5 mM in our experiments did not affect the inward K + currents (Fig.6A ). Fig. 6B shows effects of external Ca 2+ on the inward K + currents. The decrease of external Ca 2+ concentration from 10 mM (control) to 1 mM inhibited the inward K + currents by 25% at -180 (significant at P<0.05 by t-test at -180mV and -160mV), while the increase of external Ca 2+ to 50 mM almost completely blocked the inward K + currents.
Effects of external Ba

Discussion
Although it is still not clearly known how K + plays roles in regulating pollen germination and pollen tube growth, a requirement of K + or K + influx for both processes has been demonstrated (Weisenseel and Jaffe 1976 , Bashe and Mascarenhas 1984 , Obermeyer and Blatt 1995 , also see review by Feijo et al. 1995 . Obermeyer and Blatt (1995) proposed that K + fluxes into a non-germinating pollen grain may play a role in initiating osmotic water influx required for pollen germination, which suggests that K + may serve as an osmotica to maintain turgor pressure in a pollen cell. Bashe and Mascarenhas (1984) reported that changes in cytoplasmic K + concentrations may influence protein synthesis. Using patch clamp techniques, Obermeyer and Kolb (1993) recorded three types of K + channels in lily pollen grain plasma membranes, and one type of the K + channels was inwardly-directed and may be regulated by Ca 2+ . In this study, we present patch clamp whole-cell data of inward K + currents recorded from the Brassica pollen protoplasts, and the inward K + channels were characterized at the whole-cell level.
Whole-cell inward currents recorded from Brassica pollen protoplasts showed high dependence on external K + concentrations, and were also highly selective to K + ions over other monovalent cations. These results demonstrate that the inward currents across the plasma membranes of Brassica pollen protoplasts were primarily carried by K + . This conclusion is consistent with the results reported by Weisenseel and Jaffe (1976) who have applied the vibrating electrode technique to measure the inwardlydirected currents across the plasma membrane of lily pollen grains. The presence of inward K + channels with high K + -dependence and high K + -selectivity in the plasma membranes of pollen grains indicates that K + influxes may play essential roles in pollen development and later pollen germination. Whether the inwardly-transported K + would only serve as an osmotica to maintain turgor pressure of pollen grains or would also act as a regulatory factor to influence other cellular activities, such as protein synthesis, requires further studies.
It is well-known that K + channels in some plant cells are strongly regulated by cytoplasmic Ca 2+ , such as the case in stomatal guard cells (Schroeder and Hagiwara 1989 , Blatt et al. 1990 , Fairley-Grenot and Assmann 1992a , b, Grabov and Blatt 1997 . It is also known that the cytoplasmic Ca 2+ plays essential roles in regulating pollen germination and pollen tube growth (Brewbaker and Kwack 1963 , Picton and Steer 1983 , Steer 1989 , Feij6 et al. 1995 , Miller et al. 1992 , Malh6 and Trewavas 1996 , Taylor and Hepler 1997 . Obermeyer and Blatt (1995) and Feijo et al. (1995) have proposed that inward K + channels in the plasma membranes of non-germinating pollen grains may be activated by hyperpolarized membrane potentials, while inward K + channels that are probably located in the tip of a pollen tube may be regulated by the localized high. Ca 2+ . Obermeyer and Kolb (1993) reported that the activity of inward K + channels in the plasma membranes of lily pollen grains was enhanced with the increase of free Ca 2+ concentration from their single-channel recording data, although further analysis (such as channel open probabilities) may be required to draw this conclusion. Interestingly, the inward whole-cell K + currents in matured Brassica pollen protoplasts were not affected at all by even millimolar level internal Ca 2+ (applied in the pipette solutions) in our experiments. One simple explanation for the results may be that the inward channel proteins in pollen plasma membranes from two species are different, and therefore, their regulatory mechanisms may vary. A second possible explanation is that the pollen grains were collected in different developmental stages in different laboratories, or that the different isolation procedures (such as whether the fresh pollen grains were dried before the protoplast isolation, see Obermeyer and Kolb 1993) resulted in protoplasts with different physiological conditions. Furthermore, the results from the inside-out single-channel recording data (Wu and Assmann 1994) represent channel behavior in the absence of cytoplasmic factors (i.e., under the membrane-delimited conditions), while the whole-cell channel activities are recorded in the presence (at least K + -channels in pollen plasma membranes 865 partially) of cytoplasm. Therefore, possible involvement of cytoplasmic factor(s) in regulating K + channels in pollen grains cannot be ruled out. On the other hand, it has been reported that the inward K + channels in some plant cells are insensitive to cytoplasmic Ca 2+ , such as in the xylem parenchyma cells of barley roots (Wegner et al. 1994) and in the cortex cells of Arabidopsis roots (Yu and Wu 1999) .
More interestingly, our recent experimental results (unpublished data) demonstrate that the amplitudes of normalized (pA/pF) inward whole-cell K + currents varied significantly in Brassica pollen grains harvested in different pollen developmental periods. This phenomenon may account for the changes in activities from the same type of channels by unknown regulatory factors, or more channel proteins targeted to the plasma membranes, or appearance of newly synthesized channels proteins, etc. Studies to compare channel activities as well as channel regulatory mechanisms between ungerminated and germinated Brassica pollen protoplasts are underway.
